Abstract Time-resolved detection of field-free molecular alignment is investigated by phase contrast. The technique based on a 4f imager operating as an inverted Zernike spatial filter makes it possible to discriminate between positive and negative molecular alignment revivals produced in a linear molecule. The measurements are performed in a way that minimizes the contamination of the signal by the plasma generated during the aligning pulse. The observations are supported by a semianalytical model, from which the degree of alignment produced at the beam focus is estimated.
Introduction
Field-free alignment, also known as nonadiabatic alignment, is a process that occurs when non-spherical molecules are exposed to a short and intense laser pulse [1] . The nonresonant interaction driven by a pulse of duration much shorter than the classical rotational period results in the production of postpulse transient molecular alignment revivals. The possibility of confining in space the rotational axes of a molecule, in the absence of strong driving field, has been found particularly useful in various fields extending to high-harmonic generation and attophysics [2] , molecular tomography [3] , molecular-frame photoelectron angular distribution [4] , laser filamentation [5] , control of molecular scattering [6] , and so forth. that restricts the detection to optical methods. Optical probing of molecular alignment relies on the all-optical Kerr effect produced by the reorientation of the molecular dipoles leading to a change of the refractive index [7] .
Depending on the detection scheme, the optical probe allows either the retrieval of cos 2 θ − 1/3 or its squared value, with cos 2 θ the quantum expectation value and θ the angle between the molecular axis and the direction of the field.
The present work investigates the phase sensitive detection of alignment revivals through time-resolved 4f coherent imaging [8] , enabling a direct observation of cos 2 θ − 1/3. It provides a simple and readily implementable technique allowing to monitor field-free revivals, as well as to discriminate between alignment ( cos 2 θ > 1/3) and planar delocalization ( cos 2 θ < 1/3). The present 4f coherent imager is inspired by the Zernike phase contrast technique [9] used in microscopy. In the latter, the phase shifting filter and the unknown phase object are located at the Fourier and input plane of a 4f imager system, respectively. In the former, the filter is placed at the input plane of the imager in order to get information about the field-induced nonlinear phase produced at the Fourier plane of the imager, as originally proposed by Boudebs et al. [10] and recently implemented in a pump-probe version [11] .
Experiments
The experimental setup is depicted in Fig. 1 . A static cell (not represented) of CO 2 molecules placed at the Fourier plane of the 4f imager is first exposed to a linearly polarized strong pump pulse whose large intensity is responsible for a field-free alignment of the molecules.
The nonlinear time-dependent refractive index resulting from this alignment is then experienced by a timedelayed probe pulse of the same frequency. The polarization of the probe pulse can be set either parallel or perpendicular to the pump pulse, depending on the ori- entation of the half-wave plate. For better sensitivity, the input probe beam is filtered by a circular aperture (CA) of radius R a = 4.5 mm, so that its spatial profile is almost top-hat. The phase sensitive detection is performed by inserting in the central part of the top-hat beam a phase object (PO), i.e. a thin film of fused silica of radius L P = 1.5 mm inducing a π/2 phase shift at 800 nm [12] . The CA and the PO are located at the object plane of the imager. Both pulses are derived from a chirped pulse amplified Ti:sapphire femtosecond laser. The system provides 100 fs-duration pulses at a repetition rate of 1 kHz, with a wavelength centered at 800 nm. The intensity of the second pulse is limited so that the alignment produced by the probe alone can be disregarded.
The crossing angle between the two beams is ∼ 4
• .
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Results and discussion
The phase contrast image of the probe recorded with parallel field polarizations and a pump-probe delay set to T R /4, with T R 42.7 ps the rotational period of CO 2 [13] , is shown in Fig. 2 as in birefringence measurements [15] .
In order to support the experimental observations, we carry out a numerical model of the phase contrast method applied to molecular alignment detection. For that purpose, we consider at the front focal plane of the first lens (L 1 ) a pump pulse with a gaussian wavefront
given by with E P (t) a slowly varying amplitude taking into account the temporal distribution, w 0 the beam radius defined at 1/e 2 of the peak intensity, ω the angular frequency, and r the radial space coordinate. Neglecting the finite extent of the lens, the pump field at the back focal plane of the lens is given by the spatial Fourier transform of the input wavefront
where u = r /λf and r are respectively the radial spatial frequency and space coordinate at the Fourier plane, f is the focal length, and J 0 is the zeroth order Bessel function. The molecules exposed to the pump field undergo a field-free alignment leading to a spatial and temporal modulation of the refractive index. Along a direction parallel and perpendicular to the field, the change of the index of refraction is described by
and
respectively [13] . In these expressions, N is the number density of molecules, ε 0 is the vacuum permittivity, and ∆α = α − α ⊥ is the anisotropy of polarizability, with α and α ⊥ being the polarizability components parallel and perpendicular to the molecular axis, respectively. cos 2 θ is calculated by solving the time dependent Schrödinger equation [13] assuming a gas sample of initial temperature T 0 = 300 K and an intensity of the field at the back focal plane of L 1 given by
as determined from the product E P (u, t)E P (u, t) * calculated by using (1) and (2), with I 0 (t) the temporal intensity.
As shown in Ref. [16] , the spatial Fourier transform of the time-delayed probe pulse at the back focal plane of L 1 is given by
where E Pr (t ) is the temporal envelope of the probe pulse, t = t − τ , with τ the temporal delay between the
is the Besinc function with J 1 (x) the first order Bessel function. The Besinc function B(ν) (resp., B(νρ)), describes the probe field filtered through the circular aperture CA (resp., phase object PO) depicted in Fig. 1 . In the presence of the pump field, the molecular alignment 
where circ(x) stands for the circle function. The two first terms on the right-hand side of this equation correspond respectively to the image of the circular aperture and the phase object, whereas the third term α(r, t) = a 0 (r, t) + (i − 1)a 1 (r, t) represents the modification of the field image introduced by the pump-induced alignment with
j = 0, 1, ν 0 = ν, and ν 1 = ν/ρ [16] . Finally, from the intensity integrated over the time response of the CCD camera pixels
we define
the signal integrated over the image of the phase object and circular aperture, respectively.
The expectation value cos 2 θ − 1/3 has been calculated in CO 2 for different intensities up to 100 TW/cm 2 .
The maximum value produced at 3T R /4 is shown in Fig.   4 The ability of the method to detect simultaneously alignment and plasma opens the way for an active control between these two processes. The present technique could be advantageously combined with pulse shaping strategies in order to control the ratio between alignment and plasma production. This parameter plays a dominant role in filamentation [20] . As an example, the influence of a quadratic chirp on the input pulses is depicted in Fig. 6 . As shown, such a simple tailoring allows a large reduction of the plasma contribution compared to the alignment. The resulting modifications of the alignment in width and amplitude could be alleviated by using more complex pulse shapes designed by a self learning evolutionary algorithm that would also extend the control performance.
Conclusions
Laser-induced field-free molecular alignment has been investigated at room temperature in CO 2 by a time- A method to circumvent the detrimental effect of the plasma on the measurements has also been proposed and tested for different laser intensities. For the sake of simplicity, the technique has been tested with a linear molecule. However, as with other optical-based techniques [24, 25, 13] , the extending Zernike phase contrast technique provides a measure of alignment generally involving different molecular axes. Therefore, it could be easily applied to more complex gas-phase systems including nonlinear molecules exposed to linear [21] and elliptic field excitations [22] or molecules in contact with dissipative environments [23] .
As a heterodyne technique the phase contrast provides a good alternative to other all-optical homodyne detection techniques not sensitive to the phase of the signal field like cross-defocusing [24] or degenerate four wave mixing [25] . Furthermore, as a technique operating on a single shot basis it does not necessarily require a combination of different measurements like in transient birefringence detection [13] . These two features, i.e. heterodyne and plasma sensitive detections, make the present phase contrast technique particularly relevant to improved quantitative determinations of ionization probability using the alignment signal as a calibration tool [17, 26] . It is also well suited to comparative studies of nonlinear refractive index and plasma effects occurring in the nonlinear propagation of intense laser pulses, as for instance in laser filamentation or optical pulse compression.
